Abstract. Hypermethylation of transcription factor activating enhancer-binding protein 2e (TFAP2E) has been reported to be associated with chemoresistance to 5-fluorouracil (5-FU) in gastric cancer (GC). In the present study, the molecular mechanism governing this chemoresistance was investigated. Drug-resistant human GC MGC-803/5-FU cells were established and TFAP2E expression and methylation levels were assessed. Autocrine exosomes from GC culture medium were isolated and characterized. Microrna (mirna) microarray analysis was used to determine the miRNA expression profile of Gc cell-derived exosomes. exosomes collected from MGC-803/5-FU cells were co-cultured with control cells, and 5-aza-2'-deoxycytidine (5aza) was added into MGC-803/5-FU cells to investigate the relationship between TFAP2E, exosomes and chemosensitivity. in the present study, it was demonstrated that hypermethylation of TFAP2E resulted in its reduced expression and 5-FU chemoresistance in Gc cells. mirnas mir-106a-5p and mir-421 were highly expressed and regulated the chemoresistance induced by TFAP2E methylation. Target gene prediction using miRBase, TargetScan and PicTar revealed that E2F1, MTOR and STAT3 may be TFAP2E target genes in GC. Collectively, our data support an important role of exosomes and exosomal miRNAs in TFAP2E methylation-induced chemoresistance to 5-FU in GC. These results highlight their potential for miRNA-based therapeutics.
Introduction
Globally, gastric cancer (GC) is the fifth leading cause of cancer and the third leading cause of cancer-related deaths, accounting for 5.7% of cases and 8.2% of deaths (1) . Surgery remains the only curative therapy for stomach cancer. Patients with advanced GC are not eligible for surgery and are treated with chemotherapies, such as mitomycin, cisplatin, and 5-fluorouracil (5-FU) (2) . However, chemoresistance has contributed to a poor 5-year survival rate in GC patients (3) . chemoresistance is a complex biological problem, and is facilitated by a number of events, including decreased drug uptake, increased drug efflux, changes in the level and structure of intracellular targets, and increased repair of DNA damage (3) . The specific mechanism that regulates chemoresistance in GC is not well understood.
Recent studies have reported that transcription factor activating enhancer-binding protein 2e (TFAP2E) methylation may be involved in chemoresistance to 5-FU (4) . Activating protein 2 (aP-2) is a family of closely related transcription factors, including AP-2α, aP-2β, aP-2γ, aP-2δ and aP-2ε. TFAP2E is highly homologous to other members of the family in its DNA binding and dimerization domains but less so in its n-terminal domain (5) . TFAP2E is located on chromosome 1p34 and has 2 cytosine-phosphate-guanine (CpG) islands, which underscore the potential for regulation of gene expression by CpG methylation. Our previous study revealed that patients with GC also had TFAP2E hypermethylation and were resistant to fluorouracil-based chemotherapy (4) . Methylation has a multifaceted link with miRNAs, and exosomes are rich in miRNAs (6) . Therefore, the aim of the present study was to determine whether Gc cells secreted exosomes and whether exosomal miRNAs were involved in chemoresistance to exosomes are cell-derived vesicles that are present in many eukaryotic fluids, including blood, urine, and in conditioned medium of cell cultures (7) . Studies have revealed that exosomes can regulate tumor progression and chemosensitivity (8) . Exosomes contain a large amount of proteins, a rich variety of mRNAs and miRNAs (9) . Previous studies have also shown that miRNA gene promoters are frequent targets of aberrant dna methylation (6 (10), glioma (11) and hepatocellular carcinoma (12) . Therefore, it was hypothesized that TFAP2E methylation leads to chemoresistance to 5-FU by regulating exosomal miRNAs in Gc.
As aforementioned, our previous study indicated a potential role for TFAP2E hypermethylation in chemosensitivity, which may be exploited to develop new treatment strategies for patients with GC (4). In the present study, drug-resistant human GC MGC-803/5-FU cells were established and the mechanism underlying the development of GC chemoresistance to 5-FU was determined. Our analysis of the association between TFAP2E methylation and exosomal mirnas may increase the development of chemoresistance in Gc. Cell culture and lentivirus transfection. The Gc cell line MGC-803 was obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Drug-resistant subline, MGC-803/5-FU was successfully established from the parental MGC-803 cells as recently reported (13) . MGC-803 was cultured as the control group in some of the experiments. MGC-803/5-FU was maintained in drug-free medium for 1 week prior to subsequent analysis, avoiding toxic effects. Cells used for exosome isolation were cultured in medium with 10% exosome-depleted serum.
Materials and methods

Antibodies
TFAP2E was overexpressed via transfection of lenti-TFAP2E (GeneChem, Inc., Shanghai, China). MGC-803/5-FU were transfected with lenti-TFAP2E or lenti-NC at a confluence of 30-50%, >95% of the cells were viable 12 h later. The medium was then changed, the cells were incubated for a further 3 days, and passaged for further experiments. Transfection efficacies were assessed via western blotting.
Cell cytotoxicity and apoptosis assays. cell cytotoxicity was determined by the CCK-8 according to the manufacturer's instructions. Cells were seeded in 96-well plates with or without the specific treatments, and incubated for 48 h. Then, 10 µl of CCK-8 solution was added into each well. Absorbance values were determined at 450 nm by a microplate reader (Thermo Fisher Scientific, Inc., Waltham, MA, USA).
An equal number of cells was seeded and treated with or without the specific treatments. After 48 h, the cells were collected and resuspended in binding buffer. Apoptotic cells were double-stained by an Annexin V-FITC/PI or an Annexin V-APC/PI Apoptosis Detection kit following the manufacturer's instructions (Dojindo Molecular Technologies, Inc., Shanghai, China). Flow analysis was performed using FACSCalibur flow cytometry (BD Biosciences, Franklin Lakes, NJ, USA).
TFAP2E methylation analysis. all samples in this research were measured in duplicate. Methylation-sensitive high-resolution melting analysis (MSHrM) was performed with precision melt analysis software to analyze the methylation level of TFAP2E in the cells. Methylation standards (100, 75, 50, 25, 10, 1 and 0%) were established by diluting unmethylated control DNA in a pool of 100% methylated one. Primers were listed as follows: Forward, 5'-GTT TTa TTT TaG aaG cGG TTT T-3' and reverse, 5'-cGa acG cTT acc Tac aaT ca-3'. The amplicon was located at the second cpG island of the TFAP2E gene in intron 3. The PCR mixture was prepared in a final volume of 20 ml, containing 10 ml LightCycler 480 HRM Master Mix, 2 ml of 25 mmol/l MgCl 2 , 10 mmol/l of primers, 50 ng DNA template, and ribonuclease-free H 2 o. The cycling protocol for MS-HRM analysis was initial denaturation at 95˚C for 10 min followed by 50 cycles at 94˚C for 10 sec, an annealing temperature for 15 sec, and extension at 72˚C for 10 sec, followed by an MS-HRM step of 95˚C for 1 min, 40˚C for 1 min, and continuous acquisition between 65˚C and 97˚C at 1 min acquisition/0.2˚C. The standard curves with known methylation ratios were obtained, and the methylation ratio of each sample via these standard curves was measured.
Exosome isolation and analysis. exosomes were isolated from the conditioned medium by differential centrifugation. Briefly, the conditioned medium was centrifuged at 300 x g for 10 min and then at 2,000 x g for 30 min at 4˚C to remove cells. Subsequently, this supernatant was centrifuged at 10,000 x g for 30 min to remove cell debris, followed by filtration through a 220-nm filter to remove particles with a diameter >200 nm. Then, exosomes were pelleted by ultracentrifugation at 100,000 x g for 70 min (14) . MGC-803 in logarithmic phase was transfected with the lentivirus encoding green fluorescent protein (GFP), according to the manufacturer's instructions.
For exosome uptake research, they were labeled with PKH26 Fluorescent Cell Linker kits (Merck KGaA) according to the manufacturer's protocol. Then, exosomes were incubated with GC cells and examined under a confocal microscope.
Microarray analysis. Exosome pellets from 10 ml supernatant of cells were collected and homogenized in Trizol (Thermo Scientific, Inc.). Total RNA was extracted as aforementioned. The mirna microarray analysis was performed by Shanghai Biotechnology Corporation (Shanghai, China). The Affymetrix Genechip mirna 2.0 array contains 15,644 probe sets, including 1,105 human mature miRNAs. The raw data were treated using the miRNA QCTool software (version 2.3.0; Petros Eikon, Inc., Orangeville, ON, Canada).
Quantitative real-time PCR. Two differentially expressed miRNAs (hsa-miR-421 and hsa-miR-106a-5p) identified by microarray in exosomes were selected for further validation by quantitative real-time reverse-transcription PCR (qRT-PCR). Total RNA and exosomes were extracted from cells using TRIzol reagent (Shanghai Sangong Pharmaceutical Co., ltd., Shanghai, china). cdna synthesis was performed with 1 mg RNA using ReverAid™ First Strand cDNA Synthesis kit (K1622; Fermentas; Thermo Fisher Scientific, Inc.). The oligo-nucleotide primers used are listed in Table I . Equal amounts of each reverse-transcription product (1 mg) were PCR amplified using DreamTaq™ Green PCR Master Mix (2X) (K1081; Fermentas; Thermo Fisher Scientific, Inc.) for 30 cycles consisting of 1 min at 95˚C, 30 sec at 55˚C, and 1 min 72˚C. The amplified cDNA was run on 1% agarose gels and visualized by UV light. Each experiment was performed in duplicate and the results were standardized to glyceraldehyde 3-phosphate dehydrogenase (GaPdH).
Western blot analysis. Total proteins of the isolated exosomes and cells were extracted using a protein extraction kit, according to the manufacturer's protocols. Briefly, the samples were washed with phosphate-buffered saline and lysed in RIPA lysis buffer containing phenylmethylsulfonyl fluoride. The protein concentration was measured using a Bicinchoninic Acid protein assay kit (Sangon Biotech Co., Ltd., Shanghai, China), and 2 mg/ml bovine serum albumin (Gibco; Thermo Fisher Scientific, Inc.) was used as the standard. Subsequently, 50 µg total protein was loaded in each lane. Proteins were separated by 10% SDS-PAGE and transferred onto a polyvinylidene fluoride membrane. The membranes were then blocked with 5% non-fat milk at room temperature for 1 h, and then incubated at 4˚C overnight with a primary antibody. After washing, the blots were incubated with Alexa Fluor-conjugated goat-anti-rabbit antibody (1:10,000; cat. no. G-21234; Fermentas; Thermo Fisher Scientific, Inc.) at 37˚C for 1 h. Proteins were visualized using an enhanced chemiluminescence kit, and images were analyzed using a Bio-Rad gel imaging system (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Statistical analysis. all data were expressed as the mean ± (standard deviation) Sd. Wherever appropriate, the data were subjected to unpaired two-tailed Student's t-test. The differences between the experimental groups were evaluated using one-way analysis of variance (ANOVA) followed by a Bonferroni's post hoc test to allow for multiple comparisons. P<0.05 was considered to indicate a statistically significant difference.
Results
TFAP2E methylation is involved in chemoresistance to
5-FU. TFAP2E gene expression was significantly lower in the MGC-803/5-FU group than in the MGC-803 group (0.41-fold, P<0.001; Fig. 1A ). In addition to reduced gene expression, the TFAP2E protein level was also assessed. As anticipated, the TFAP2E protein level was higher in the MGC-803 group than in the MGC-803/5-FU group (3.42-fold, P<0.001; Fig. 1B ). in addition to TFAP2E gene and protein expression level, the methylation status of TFAP2E was detected using MSHRM. First, the normalized melt curve for TFAP2E methylation level was generated. Percentage of methylation (PM) values were then calculated according to the following formula, which also served as a surrogate measure of the methylation level of AP-2E in our study (15) :
Our data revealed that the drug-resistant MGC-803/5-FU cell line had a higher PM value (1.042±2.552%) than the control group (66.037±11.201%) (P<0.001; Fig. 1C) . Additionally, the cells were treated with 10 µg/ml 5-FU for 48 h in 96-well plates. Cell viability and apoptosis assays indicated that treatment with 5-FU significantly decreased the viability and significantly increased apoptosis of the MGC-803 group in comparison to the MGC-803/5-FU group (viability, 100.00±17.944% vs. 173.857±13.558%, P<0.001; apoptosis, 46.543±5.521% vs. 7.729±3.683%, P<0.001, MGC-803 vs. MGC-803/5-FU; Fig. 1D and E) .
qRT-PCR analysis of exosomal microRNAs and target gene analysis. Increasing evidence indicates that tumor-derived exosomes are involved in chemoresistance of Gc. We used electron microscopy and western blot analysis to characterize exosomes. The purified exosomes were small round vesicles with diameters ranging from 80 to 120 nm, and expressed the exosomal markers CD9, CD63 
E2F1, transcription factor E2F-1; MTOR, mammalian target of rapamycin; STAT3, signal transducer and activator of transcription 3; TFAP2E, transcription factor activating enhancer-binding protein 2e.
and CD81 ( Fig. 2A and B) . To investigate the functional role of exosomes in chemoresistance in Gc cells, mirna microarray analysis was performed using RNA samples extracted from MGC-803 exosomes and MGC-803/5-FU exosomes (Fig. 2C) . Notably, exosomal miR-106a-5p, mir-421, mir-19b-3p, mir-133a, and mir-214 were more highly expressed, whereas mir-144, mir-16-5p, mir-100, miR-30a-5p, and miR-361-5p were more reduced in MGC-803/5-FU exosomes in comparison with MGC-803 exosomes (Fig. 2D ). TargetScan 7.1 (version 7.1; http://www. targetscan.org/vert_71/) was used to predict the target genes for these 10 mirnas. This analysis predicted 2,119 genes as the target mrnas, and KeGG pathway analysis was performed. According to our data, 90 genes were associated with cancer (P<0.001), and 24 of these genes were associated with chemoresistance. among these 24 genes, 10 genes [CBLB (16) (26) have been reported to be associated with methylation. E2F1 and STAT3 are targets of mir-106a-5p, while MTor is a target of mir-421. Therefore, their expression was evaluated. There were higher levels of these 3 genes in the MGC-803/5-FU group in comparison to the MGC-803 group (E2F1, 2.76-fold, P<0.001; MTOR, 4.99-fold, P<0.001; STAT3, 1.98-fold, P= 0.003) (Fig. 2E) .
Exosomes mediate target gene expression and chemoresistance to 5-FU.
Exosomes from MGC-803/5-FU cells were obtained and co-cultured with MGC-803 cells. It has been reported that exosomes can be transferred from donor cells to recipient cells (27) . To better observe the interaction, GFP was employed and exposed to PKH26-labeled exosomes for 24 h. When MGC-803-derived exosomes were labeled with PKH26 (red fluorescent dye), a red staining on the cells could be observed by fluorescence microscopy, suggesting exosome binding and incorporation (Fig. 3A) . TFAP2E PM of the MGC-803 (control group) and the co-culture group were assessed. Notably, there was no significant difference between these 2 groups (P=0.549) (Fig. 3B) . Similarly, no statistical significance in TFAP2E gene and protein expression levels could be observed in the present study (P= 0.953, 0.771, respectively) ( Fig. 3C and D) , indicating that exosomes may be downstream of and therefore, not directly involved in TFAP2E methylation. The expression of mirnas was then assessed. The data revealed that the expression of mir-106a-5p and mir-421 were increased with the treatment of MGC-803/5-FU exosomes (miR-106a-5p: P<0.001; miR-421: P= 0.001) (Fig. 3E) . The expression of the predicted target genes was also assessed. The target genes were higher in the co-culture group than in the control group (E2F1, 1.92-fold, P= 0.004; MTOR, 3.16-fold, P<0.001; STAT3, 1.72-fold, P=0.007) (Fig. 3F) . Cell viability and apoptosis assays indicated that treatment with 5-FU resulted in a significant decrease of viability and a significant increase of apoptosis in the MGC-803 group than in the co-culture group (viability, 100.00±14.024% vs. 137.286±11.011%, P<0.001; apoptosis, 44.129±5.588% vs. 6.300±3.492%, P<0.001, control vs. co-culture) (Fig. 3G and H) . Demethylation reduces chemoresistance by suppressing miRNA expression. MGC-803/5-FU was used as the control group for this experiment. Cells were treated with 10 µM 5-aza-2-deoxycytidine (5aza) to establish a baseline demethylation status as previously reported (28) . The data revealed that 5aza decreased TFAP2E PM significantly (P<0.001) ( Fig. 4A) . After demethylation, there were significant increases in TFAP2E mrna expression (1.62-fold) and protein expression (1.80-fold) in MGC-803/5-FU cells (Fig. 4B and C) . Additionally, miR-106a-5p and miR-421 were significantly decreased after 5Aza treatment (0.34-, 0.42-fold, respectively; P= 0.001, 0.001, respectively; Fig. 4D ). The levels of the predicted target gene were also significantly decreased (E2F1, 0.42-fold, P= 0.001; MTOR, 0.28-fold, P<0.001; STAT3, 0.38-fold, P<0.001; Fig. 4E ). 5-FU chemoresistant tests indicated that 5Aza resulted in a significant decrease in viability and a significant increase in apoptosis (viability, 0.59-fold, P<0.001; apoptosis, 5.99-fold, P<0.001; Fig. 4F and G) . MGC-803/5-FU cells were also transfected with a recombinant plasmid to directly upregulate TFAP2E expression. The results revealed a significant increase in TFAP2E expression after transient transfection (Fig. 4B and C) . However, there was no obvious difference in TFAP2E PM in comparison to the control group (Fig. 4A) . Despite the low methylation rate, high expression of TFAP2E significantly suppressed miR-106a-5p, mir-421, the levels of predicted target genes, and cell viability (Fig. 4D-F) . These results recapitulated the effects of 5Aza treatment.
Discussion
TFAP2E hypermethylation has been reported to be associated with clinical no-response to chemotherapy in colorectal cancer, and targeting of dKK4 may be an option to overcome TFAP2E-mediated drug resistance (15) . It has been reported that 5-FU-resistant gastric cancer (GC) cell lines MKN45 and MKN28 have TFAP2E hypermethylation (29) . In the present study, whether TFAP2E methylation affected chemoresistance to 5-FU in MGC-803 cells, was investigated. Our previous study revealed that GC patients with TFAP2E hypermethylation were resistant to fluorouracil-based chemotherapy (4). However, the mechanism has not been fully elucidated. In the present study, a drug-resistant subline MGC-803/5-FU was successfully established, and high TFAP2E PM, low TFAP2E gene and protein expression in this subline were observed, which was consistent with previous research. TFAP2E methylation resulted in reduction of its gene expression. Additionally, the functional role of TFAP2E methylation was investigated in chemoresistance to 5-FU in GC cells.
Studies have demonstrated an increasingly important role for exosomes in GC, as mediators of cell-to-cell crosstalk in the tumor microenvironment (27) . Recent studies have indicated that exosomal mirnas are associated with Gc chemoresistance by transferring a variety of rnas. Zheng et al (30) , demonstrated that exosomal transfer of tumor-associated macrophage-derived mir-21 conferred ddP resistance to GC. However, 5-FU is the most frequently used chemotherapy drug in the treatment of GC. Therefore, miRNA microarray analysis was conducted and the target mRNAs were predicted to explore the relationship between mirnas and chemoresistance to 5-FU.
In our study, 2,119 genes were predicted as target mRNAs. Notably, only 3 genes were previously reported to be associated with chemoresistance to 5-FU and gene methylation in GC. E2F1, a transcription factor, plays a crucial role in the control of cell cycle and tumor suppression and is also a target of the transforming proteins of small DNA tumor viruses. Tahara et al (17) , have reported that overexpression of E2F1 promoted the development of MDR in GC, suggesting that E2F1 may represent a viable target for GC therapy. Mammalian target of rapamycin (MTOR) regulates cell growth, cell proliferation, cell motility, cell survival, and transcription. it has been reported that MTor promoted the development of GC, and its inhibitor interacted with 5-FU in a synergistic manner in scirrhous GC cells by the activation of apoptosis signals (31) . Signal transducer and activator of transcription 3 (STaT3) mediates the expression of a variety of genes in response to cell stimuli, and thus plays a key role in many cellular processes such as cell growth and apoptosis. Notably, STAT3 is overactivated in GC stem-like cells (32) . Therefore, these 3 mrnas have been implicated in Gc tumorigenesis.
However, the regulatory relationship between TFAP2E and exosomal miRNAs is unclear. Notably, it was revealed that MGC-803 cells co-cultured with exosomes derived from MGC-803/5-FU had increased expression of miR-106a-5p and mir-421. additionally, predicted target mrnas were increased. Although co-cultured cells appeared to be chemoresistant to 5-FU, TFAP2E expression and its PM value were not significantly different from the control, indicating that exosomal miRNAs could not meditate methylation of TFAP2E. Therefore, it was hypothesized that TFAP2E methylation may be upstream and regulate the expression of exosomal miRNAs. In order to assess our hypothesis, the methylation status of MGC-803/5-FU cells was reduced using 5Aza, a commonly used demethylation drug, and subsequently the expression of mir-106a-5p, mir-421 and their predicted target mrnas was assessed. as anticipated, TFAP2E expression was increased and its PM value was significantly decreased with 5Aza treatment. However, 5Aza significantly suppressed the expression of the aforementioned mirnas and their predicted target mrnas, indicating that changes in TFAP2E methylation may result in the decrease of miRNAs. The ultimate result was the increased chemosensitivity of GC cells to 5-FU. These data were also consistent with our previous hypothesis. Additionally, results of a TFAP2E rescue experiment using transfection of a TFAP2E-expressing plasmid supported our hypothesis. Although increased TFAP2E expression did not affect its methylation status, the results indicated that hypermethylation may act as an upstream regulator of its expression.
There were some limitations to the present study. Inhibitors and mimics of miRNAs were not used in our study, and our analysis methods used to predict target genes may have filtered out some important or unreported genes. Additionally, other 5-FU-resistant GC cell lines were not used in the present study and should be analyzed in future research. Future studies are also required to more comprehensively assess the functional role of E2F1, MTOR, and STAT3 in regulating chemoresistance in Gc cells.
In summary, our data indicated that chemoresistance to 5-FU in GC cells may be facilitated by TFAP2E hypermethylation-induced release of miRNA-containing exosomes. These results indicated that targeting of miRNAs may be a viable therapeutic strategy for GC patients.
